Soybeans have been shown to contain larger concentrations of isoflavones than other plant foods. The colonic microfloras of some individuals metabolize isoflavones, including the soy phytoestrogen daidzein, to compounds with altered estrogenic activity that may affect health. Monkeys have been used as models to predict the effect of colonic microorganisms on the metabolism of phytoestrogens. We studied the effect of consumption of a diet rich in soy protein on the metabolism of added daidzein by the intestinal microfloras of monkeys. The metabolism of daidzein by cultures of the colonic microfloras from eight males and eight females of Macaca fascicularis, 6 -12 years old, consuming diets containing either soy or casein, and two males and three females of Macaca nemestrina, 3 -5 months old, consuming infant formula, was investigated using high-performance liquid chromatographic analyses. Cultures from ten of the 16 adult monkeys and all five infant monkeys metabolized the added daidzein within 24 h. Daidzein was metabolized within 48 h by cultures from five other monkeys, but it remained even after 72 h in a culture from one female monkey on a casein diet. Equol and dihydrodaidzein were the only metabolites found. Individual variation among monkeys in the efficiency of daidzein metabolism was observed, but there appeared to be no correlation between diet and daidzein metabolism by the intestinal microflora. The intestinal microfloras of most monkeys tested were efficient in the biotransformation of daidzein to equol, regardless of the animals' consumption of soy protein. Differences in the metabolism of isoflavones by the colonic microfloras of humans and experimental animals should be considered when extrapolating results from animals to humans.
Introduction
Soybean consumption has been linked to beneficial health effects, including improved bone, cardiovascular, and menopausal health [1] [2] [3] [4] [5] . Many soy foods are traditionally consumed by Asian populations [3, 6, 7] and some soy extracts are sold as nutritional supplements [8] . Soybeans are good sources of isoflavones, including the glycosylated forms of daidzein and genistein, which are known as daidzin and genistin, respectively [3] . Although daidzein and genistein are non-steroidal, they have structural similarities to estrogens and can bind to estrogen receptors [3, 9, 10] , triggering weak estrogenic or anti-estrogenic effects [3, 10] .
Colonic microfloras from humans and other animals are able to metabolize a variety of compounds, including isoflavones, to derivatives with altered biological activities [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . After daidzein is ingested, it is metabolized to dihydrodaidzein and then usually to equol or O-desmethylangolensin [13, 15, 21, 22] or to compounds that cannot easily be detected. There is individual variation in equol production among people [6, 16, [23] [24] [25] [26] . Improvement in menopausal symptoms after consumption of soy isoflavones has been reported by women whose intestinal bacteria produce equol [4, 16] . Because conversion of daidzein to equol has the most beneficial effects, individuals have been categorized as equol producers and nonproducers [23, 24] .
Experimental animals have been used to study the physiological effects of daidzein and its metabolites [27, 28] . Considering that isoflavones are converted in animals to metabolites with either more or less estrogenic activity [29] , it is imperative to find out the factors that affect their metabolism. Some isoflavone metabolites produced by bacteria from monkey microfloras are the
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same as those produced by bacteria from humans [15] , but the patterns of daidzein metabolism are not the same in all species [29] . Sprague-Dawley rats may metabolize soy isoflavones to equol [29] ; however, cultures of bacteria from Big Blue rats metabolize daidzein to compounds that cannot be detected by high-performance liquid chromatography (HPLC) [30] .
In this study, the effects of diet on the metabolism of daidzein by the colonic microfloras of monkeys (Macaca nemestrina and M. fascicularis) were investigated.
Materials and Methods

Chemicals
Daidzein and equol were from Sigma Chemical Co. (St. Louis, MO) and dihydrodaidzein was synthesized [11, 31] .
Animals and Diets
The genders, ages and diets of the monkeys used in this study are listed in Table 1 . The animal maintenance and sample collection procedures conformed to the Guide for the Care and Use of Laboratory Animals [32] and the institutional standard protocols. Infant monkeys (Macaca nemestrina) were fed Enfamil formula (Mead Johnson, Glenview, IL); biscuits and fruit were given as treats. Adult monkeys (M. fascicularis) were fed either soy primate diet or casein primate diet from LabDiet (PMI Nutrition International, St. Louis, MO). The ingredients used in the preparation of these two diets were similar, except that the soy primate diet contained ground soybean meal and the casein primate diet contained casein and lactalbumin. Calories, nutrients, fat, fiber, minerals and vitamins were comparable in both diets, which were made for Wake Forest University. The animals were fed twice daily according to the feed manufacturer's instructions. All of the infants were housed in single cages with daily socialization in playrooms for about 1 h daily. Infants of mixed genders and similar ages were formed into groups and then put into the playroom. Older animals (6 -12 years old) were also housed in single cages, but had grooming contact bars to comply with the requirements of The Psychological Well-being of Nonhuman Primates [33] . 
Sample Collection
Fecal samples were taken from the monkeys and put in nonfat dry milk solution under mineral oil to prevent oxygen contamination [30] . The milk tubes containing the samples were stored at −70˚C, and then thawed just before use, when 50 l of the content was added to 10 ml of Brain Heart Infusion (BHI) broth with 10 µg/ml of daidzein dissolved in dimethyl sulfoxide. Control tubes included sterile BHI broth with daidzein and BHI broth inoculated with each of the samples but without daidzein. Two ml of each of the cultures and controls was withdrawn before incubation (zero-time controls). The cultures were incubated at 37˚C in an anaerobic glove box (85% N 2 , 10% CO 2 , and 5% H 2 ) and sampled 24, 48, 72, and 96 h after inoculation.
Extraction and Analysis of Cultures
Ethyl acetate was used for the extraction of daidzein and its metabolites. The 2 ml samples from cultures were extracted three times with ethyl acetate, the extracts were combined and vacuum dried. The dried residues were dissolved in 90% acetonitrile: 10% water and analyzed by HPLC, using a Varian Star System liquid chromatograph (Varian, Inc., Palo Alto, CA) with a Spherisorb C18 column [34] .
Kinetics of Growth of Colonic Microflora
The number of bacteria used for inoculation of samples was estimated by plating serial dilutions on BHI agar and incubating at 37˚C under anaerobic conditions. To measure the kinetics of growth of the colonic microfloras of different monkeys in the presence and absence of daidzein, 50 l from each of the cultures was added to tubes containing 10 ml of BHI, the same dilution as in the daidzein metabolism experiments, in the anaerobic glove box. Next, 200 l from each of these dilutions was added to triplicate wells in a microtiter plate. Daidzein was added to some of the wells in the microtiter plate to assess its effect on the kinetics of growth. Because the colonic bacteria metabolize daidzein under anaerobic conditions [13] , the contents of the wells were overlaid with mineral oil to insure anaerobic conditions during incubation outside the glove box. The plates were incubated at 37˚C in a PowerWave X spectrophotometer (Bio-Tek Instruments, Winooski, VT). Growth was moni-tored by programming the kinetics software of the instrument to measure the OD 600 in each well every 30 min.
Results
Daidzein Metabolism
HPLC elution profiles of the extracts from cultures of the colonic microfloras of monkeys were used to monitor the metabolism of daidzein. The major peaks in the chromatograms from the cultures incubated with daidzein had elution times and UV spectra identical to the daidzein metabolites, equol and dihydrodaidzein. Their identities were confirmed by liquid chromatography/mass spectrometry [34] to be equol and dihydrodaidzein (data not shown). Equol was produced in cultures from 70% of the monkeys (Table 1) but dihydrodaidzein, the precursor of equol, was detected only in one culture. The colonic bacterial cultures from ten of the 16 adult monkeys (Figure  1) , regardless of gender or diet, had metabolized daidzein by 24 h of incubation. Those from five other adult monkeys had metabolized it by 48 h, but the cultures from one 7-year-old female monkey on a casein diet (#7877) had not metabolized daidzein even by 72 h (Figure 1 and Table 1 ). The metabolism of daidzein by colonic microfloras of infant monkeys was rapid; all the daidzein disappeared within 24 h of incubation. Equol was found in the cultures from one male and one female infant ( Table  1) , but cultures from the other three infant monkeys metabolized daidzein to compounds that were not detected by HPLC. These cultures also metabolized equol to compounds that could not be detected.
Bacterial Growth
To find out if the differences in efficiency of daidzein metabolism by different cultures were due to differences in bacterial growth, the kinetics of growth were measured in microtiter plates (Figure 2) . The cultures of colonic microfloras from all four female monkeys on soy diets grew equally well (Figure 2(c) ), although daidzein was still present after 24 h of incubation in two of these cultures (Figure 1(c) and Table 1 ). Cultures from other monkeys had differences in duration of lag phase and cell density at stationary phase (Figure 2 ). Those cultures that had not metabolized daidzein in the first 24 h of incubation (Figure 1) had either longer lag phases or less total cell growth (Figure 2) . Addition of daidzein had no effect on the growth of cells; the kinetics of growth were the same in the presence and absence of daidzein (data not shown).
Discussion
When the metabolism of daidzein by the intestinal microfloras of infant monkeys on infant formula and adult monkeys on diets containing soy or casein was investigated, there were individual variations in the efficiency of daidzein metabolism among the monkeys regardless of age, gender, or diet. rived from human colonic microflora [13, 25] , was not detected. Unlike humans, in which more males produce equol than females [22] , cultures from monkeys showed no correlation of gender with daidzein metabolism. Daidzein was metabolized rapidly in three of the five bacterial cultures from infant monkeys, but no metabolites were detected in these cultures by HPLC. The disappearance of daidzein could have resulted from rapid metabolism to its metabolite equol and then to compounds that could not be detected by this method, since the same cultures also metabolized equol. Incubation of daidzein with colonic microfloras from Big Blue rats produces similar results [30] .
In our study, differences in daidzein metabolism by microbial cultures from adult monkeys were not correlated with soy or casein consumption. Although cultures from female monkeys on soy diets all had the same growth kinetics, one culture produced equol before the others. Individual variation in daidzein metabolism to dihydrodaidzein, equol, and O-desmethylangolensin is observed frequently among human subjects consuming diets with and without soy [14, 16, 25, [35] [36] [37] [38] . Cultures from human subjects consuming more animal lipids and less fiber, vegetables and cereals produce more equol, but some produce equol during 6 h of incubation and others only after 24 h [22] . The composition of colonic microfloras of monkeys, at least as shown by the growth rates of mixed cultures, affected the rate at which daidzein was metabolized. Cultures that grew faster generally metabolized daidzein faster. The health benefits of dietary soy may be related to the rate of equol production in the gut [4, 34] . There may be 10 10 -10 11 equol-producing bacteria per gram wet weight in colonic microfloras that produce equol rapidly but only 10 5 -10 9 equol-producing bacteria per gram in those that produce equol slowly [22] . Both genetic and dietary factors may account for the differences in human colonic bacteria that metabolize daidzein [3] . Because daidzein disappears from some human colonic bacterial cultures without accompanying increases in dihydrodaidzein, equol, or O-desmethylangolensin, Gardana et al. [22] concluded that not all of the pathways of daidzein metabolism are known.
The reason for the inability of the culture from one monkey (#7877, a 7-year-old female on casein) to metabolize daidzein is not known. It may have lacked a subpopulation of bacteria able to metabolize daidzein that could grow under these conditions [22] .
Conclusion
Similar to humans, individual variation in the efficiency of daidzein metabolism was observed in colonic microbial cultures from monkeys. Unlike human colonic microfloras, however, the colonic microfloras of the majority of the monkeys studied converted daidzein to equol. The ability to transform daidzein in each monkey did not appear to be correlated to the consumption of dietary soy protein.
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